Novel method for determining the depth profile of tritium in metallic samples has been demonstrated. Tritium accumulation in the fusion reactor materials is considered as a radiological issue due to its radioactivity. Therefore, tritium behavior prediction and estimation of its overall retention in fusion devices is of high importance. Proposed method in this study allows to measure depth profile of tritium in the metallic samples after exposure to tritium containing plasma, tritium gas or after irradiation with neutrons resulting in the tritium formation. In the method, successive layers of metal are removed using appropriate etching agent in the controlled regime and amount of evolved gases measured by the means of chromatography (gas composition and release rate) and proportional gas flow detector (tritium). Results on tritium profile in neutron irradiated, plasma exposed and tritium gas loaded beryllium have been reported and possible applications of the method for other metallic samples have been tested within this research.
INTRODUCTION
Tritium retention in the fusion reactor materials is a key issue in terms of both tritium breeding selfsufficiency and safety of the fusion plant. In The International Thermonuclear Experimental Reactor ITER, limits of in-vessel tritium-inventory are an integral part of the ITER safety case and are fixed at 1 kg [1] . Only 2% of injected tritium and deuterium is "burnt" in the fusion reactions in plasma and reactor vacuum vessel components become contaminated with tritium, both on their surfaces and through the permeation, in the bulk of their materials [2] . Materials which will be under the risk to become contamination with tritium will be those used in the construction of the internal components of the ITER machine -the Blanket System and the Divertor [3] . The first wall of the Blanket will be covered with metallic beryllium. Divertor -the component that will be withstanding the highest surface heat loads of the ITER machine will be made of metallic tungsten [4] .
Tritium gas present in the vessel can accumulate in the first wall materials as a result of co-deposition with eroded materials and by physical diffusion into the bulk of wall material. Co-deposited tritium could be expected to be retained in near surface of the plasma facing material, however tritium as a hydrogen isotope is very mobile due to its small size and might diffuse much deeper into the bulk. Such parameters as solubility, trapping energies and diffusivity plays significant role in estimation of tritium diffusion depth. Theoretical model of tritium trapping on the imperfections of the lattice, such as vacancies, grain boundaries, etc. has been described [5] . Some properties might be extrapolated from available data about protium or deuterium, however, isotopic effects must be taken into account [6] . Comprehensive overview of the experimentally obtained data on hydrogen solubility, diffusivity and permeation has been provided by R. A. Causey in 2012 [7] .
Beryllium choice is based on its low Z, good thermal conductivity, and high oxygen gettering characteristics. Beryllium has been tested as a plasma facing material in the currently largest tokamak deviceJoint European Torus JET (first introduction in 1989, since 2012 -ITER-Like-Wall (ILW) project [8] ) and also in smaller early period tokamaks such as UNITOR and ISX-B [9] .
Tungsten is chosen due to its high thermal stress resistance, thermal conductivity, low erosion and low tritium retention [10] . Currently it is being tested in JET within ILW project.
Summary of the properties and function as plasma facing material of the two materials are given in Table  1 . Fusion power reactors will have to breed tritium by using the reaction between lithium -6 and neutrons to provide fuel for the fusion process, in order to become self-sufficient in this scarce commodity: beryllium will be also a key component of this breeding process as it is an extremely effective neutron multiplier. Different tritium breeding modules are planned to be tested in ITER. European Union proposes two concepts of helium cooled tritium breeding blanket modules for testing. In one of the concepts -"Helium -Cooled Pebble Bed (HCPB) blanket", lithium ceramic pebbles are used as a tritium breeder and metallic beryllium pebbles as a neutron multiplier [11] . Beryllium swelling, embrittlement and hardening as a result of the neutron irradiation are important issues regarding its mechanical performance, whereas tritium production and inventory is significant safety issue. An example of Be transmutation chain where tritium can be produced is given the following reactions 1-3 [12] . (1)
In the frame of the European Power Plant Conceptual Study, the peak integral gas production in beryllium, at the End-Of-Life of HCPB modules (40 000 h operation), has been assessed as 25 700 appm helium and 640 appm tritium, taking account in-pile tritium decay. The global tritium production in the whole of the blanket (390 tons of beryllium) is 23.8 kg [13] . At the operational temperature of reactor large fraction of tritium remains in the bulk of pebbles and in case of accidental temperature excursions this inventory of radioactive gas can be released in a short time and therefor putting under the risk employees of the fusion reactor.
Tritium behaviour prediction and estimation of its overall retention in fusion devices due to the mechanisms described above is of high importance. Assessment of tritium depth profiles in the exposed materials would give crucial information for the optimal detritiation techniques selection.
In this study, novel method for determining the depth profile of tritium in metallic samples has been demonstrated. Proposed method in this study allows to measure depth profile of tritium in the metallic samples after exposure to tritium containing plasma, tritium gas or after irradiation with neutrons resulting in the tritium formation.
EXPERIMENTAL
2.1. Plasma facing materials ITER-Like-Wall (ILW) project has been carried out at Joint European Torus JET to test plasma facing materials relevant to International Thermonuclear Experimental Reactor -ITER. During regular shutdowns material samples are retrieved for off-situ analysis. The first wall of the JET vacuum vessel is made of bulk beryllium tiles, whereas for the divertor bulk tungsten and tungsten coated carbon fibre composite tiles are used [14] . During the first two ILW campaigns, ILW1 and ILW2, only stable hydrogen isotopes have been introduced in the vacuum vessel of JET, however there are several possible sources of tritium in the beryllium wall materials: invessel tritium inventory remaining from previous D -T campaigns, energetic tritium ion production as a results of D -D reaction and tritium production in neutron induced transmutation of beryllium. In tungsten divertor material tritium accumulation takes place due to the first two sources. There have been three campaigns in JET when tritium was introduced in the vacuum vessel: Preliminary Tritium Experiment (PTE) in 1991 [15] the first Deuterium-Tritium Experiment (DTE1) in 1997 [16, 17] and the Trace Tritium Experiment (TTE) in 2003 [18] . In total 420 mg of tritium has been introduced (5 mg -PTE, 35 mg -DTE1 and 380 mg -TTE) [19] . Tritium can be produced in vacuum vessel also as a product of the D -D fusion reaction (4) .
Third source of tritium in beryllium that will play significant role in the future fusion devices is neutron induced transmutation of beryllium, however, it must be emphasized that overall neutron yield in ILW1 and ILW2 are very low (~5•10 19 neutrons in total) and the dominant source of tritium can be considered its inventory from previous D -T experiments.
Neutron irradiated beryllium pebbles
Neutron irradiation is one of the main obstacles complicating the material choice due to the problems it causes; e.g., neutron-induced transmutations (long -term activation, tritium inventory in beryllium materials) and structure degradation (brittleness, swelling, etc). A wide variety of neutron irradiation projects for breeding blanket materials have been undertaken at the High Flux Reactor (HFR), located in Petten, the Netherlands. Samples from one of them, HIDOBE -High Dose Beryllium [20] , have been analysed by the proposed method.
Tritium loaded beryllium pebbles
Since neutron irradiation experiments are expensive, time consuming and requires specific infrastructure, a simpler method for prelaminar comparison of tritium behaviour trends in different samples prior to irradiation were provided by the Karlsruhe Institute of Technolgies. Tritium gas loading at elevated temperatures can be considered as alternative way to saturate beryllium pebbles with tritium. Tritium depth profile in beryllium pebbles after gas loading has been also measured by the method proposed in this manuscript. Beryllium pebbles (produced by NGK and Brush Materion) loaded with hydrogen and tritium gas mixture for 15 hours at 600 and 850 o C temperature and 4 bar pressure of tritium at the Karlsruhe institute of Technology has been analysed [21] .
METHOD FOR DETERMINATION OF TRITIUM DEPTH PROFILES
Method is based on the simultaneous etching of the metal surface and released tritium measurements. Beryllium can be etched chemically by acid solutions, whereas tungsten must be etched electrochemically due to its low reactivity with chemical etchants or due to the formation of complex mixtures of the reaction products. Experimental setup for dissolution experiments is shown in Figure 1 .
Figure 1 Dissolution setup
Successive layers of Be is removed using 1 mol/L sulphuric acid and amount of evolved hydrogen (depicted as 'H') and released tritium (depicted as 'T') measured simultaneously. Following processes are taking place during the dissolution: 
Where, 'T 0 (solid phase)'refers to tritium atoms as interstitials in the bulk of solid beryllium, 'T2(solid ph.)' -molecular tritium trapped in the bulk of the solid beryllium, 'T + (solid ph.)' -tritium chemically bonded with the impurities in the bulk of solid beryllium, whereas 'T2 (gas ph.)'-molecular tritium released in the flow of the purge gas and 'T + (liquid ph.)' -tritium remaining in the acid solution as a part of the HTO + ion. In the 1 mol/L sulphuric acid molecular T2 and atomic T 0 (interstitial) tritium of the activities AT2 and AT0 respectively, present in a Be sample transfer as T2+HT into a flow of carrier gas, where the tritium activity was measured by proportional counter with an operating volume of 300 cm 3 and a tritium monitor TEM 2102A [Mab Solutions GmbH].
AT, gas ph = AT2 + AT0 (10) Chemically bonded tritium (depicted as 'T + ' in the processes schemes) localized in a Be layer remains in the solution and the tritium activity AT, liquid ph. was measured with liquid scintillation method. Solution containing tritium was distilled and 5 or 1 mL aliquot mixed with 15 mL or 19 mL of Ultima Gold scintillation cocktail and analysed for total tritium with a TRi-Carb 2910TR counter [PerkinElmer, Inc] .
Amount of tritium atoms can be calculated by means of the tritium decay constant λ = 1,78 10 -9 s -1 [5] 
Calculations on tritium distribution in the bulk of the sample are based on the controlled dissolution process. One hydrogen molecule corresponds to one beryllium (Eq 1 and 2) atom and the dissolution rate of beryllium and hereby also the thickness of dissolved layer can be calculated from the number of hydrogen molecules evolved.
Hydrogen amount were measured by the means of gas chromatography using thermal conductivity detector (TCD). By this method all hydrogen isotopes are measured as one signal, however tritium and deuterium concentrations are very low if to compare with the amount of protium evolved during beryllium dissolution process.
Calculation of the dissolved beryllium layer at the moment t depends of the shape of the sample and expected tritium distribution. In beryllium pebbles it can be assumed that its depth is similar across all the sphere surface, whereas for samples from the vacuum vessel -most of the tritium is expected to be accumulated in the plasma facing surface layer.
Plasma exposed surfaces -tiles from the vacuum vessel Dissolved beryllium layer Lt at the moment t can be calculated from the number hydrogen molecules evolved, NH2,t.
where MBe-beryllium atomic mass (9.012 u), NA -Avogadro constant (6.022·10 23 mol −1 ), Be-beryllium theoretical density (1.85 g/cm 3 ) and SBe, dis(cm 2 ) -surface area of the beryllium sample being etched by the acid.
Beryllium pebbles from the tritium breeding blanket
In case of spherical sample, it can be assumed that its surface has been exposed to tritium gas or/and neutron irradiation similarly. Therefore, sample is fully immersed in the etching agent to ensure simultaneous beryllium dissolution from all of its surface.
If dissolution process of the beryllium pebble starts at t = t0 and radius of the pebble in this moment is r0, it could be calculated as follows:
where, r0 -initial radius of the pebble, cm; m0 -mass of the pebble, g; Be -beryllium density, g/cm 3 . Radius of the pebble in the moment t therefore is calculated as follows:
Where mt is a mass of dissolved beryllium at the moment t and can be calculated from the released hydrogen amount (tritium gas contribution is negligible and therefore is not taken into account).
Figure 2 Estimation of dissolved layer of spherical sample
Resolution of this method is determined by the sample properties (porosity, grain size), geometry of the setup (volumes of the dissolution cell, the column filled with silica gel and tritium detector), the flow rate of the argon carrier gas and the rate of dissolution of the beryllium sample in 1 mol/L sulphuric acid. For particular samples resolution is limited by the non-uniform dissolution of the material. Additional experiments were performed where samples were removed from the solution and SEM analysis of the acid exposed surface performed. This analysis revealed surface roughness with the maximum roughness height up to 10m. Therefore, the resolution was assumed to be ~10m. Depth profile graphs are constructed from the tritium and hydrogen measurement data and are precise in case of smooth solution process.
RESULTS

Plasma facing materials
Results obtained by the proposed method have showed that 95% of tritium is accumulated in the first 30 -100 m from the plasma-facing surface of the beryllium tiles exposed in the JET ILW experiments [22] . An example of tritium depth profile in the beryllium tile is given in the Figure 3 , where tritium concentration is calculated per square centimeter of the plasma facing surface. Particular sample has been cut from the tile retrieved after the first ILW campaign in 2012 from outer wall limiter of the JET vacuum vessel. 
Neutron irradiated materials
It can be assumed that distribution of neutron transmutation products in the bulk of the material is statistically uniform, therefore tritium depth profiles in the neutron irradiated pebbles can provide information of its release/retention mechanisms. Tritium depth profile measurements of the neutron irradiated pebbles has shown uniform distribution in the bulk of the pebble with decreased concentration towards the pebble surfaces and some higher concentration peaks in individual samples. Low concentration near the surface indicates tritium desorption during storage in the ambient conditions, whereas peaks can be associated with tritium accumulation in the pores that has been also found during structure analysis [23] . An example of tritium depth profile in neutron irradiated pebble is given in the Figure 4 . 
Tritium loaded materials
Results obtained by the method revealed that after loading samples with tritium its distribution is unevenhigher concentration of tritium is concentrated in the first 100-200m near the surface of the pebbles, however, other peaks of high tritium concentration were found also deeper in the bulk of the pebbles [24] . Figure 5 Tritium depth profile in beryllium pebbles loaded with tritium gas SUMMARY Tritium depth profile can be measured by the proposed method if appropriate etching agent/technique is applied. Successful application of the proposed method has been already demonstrated for various beryllium materials and currently technique for other metallic samples are being developed. For tungsten materials etching is performed electrochemically and removed layer calculated similarly to the beryllium by the amount of evolved hydrogen.
